Abstract. We describe the new full-field transmission x-ray microscope (TXM) for automated cryo-tomography and nano-spectroscopy which is installed at the BESSY undulator U41. For the first time in soft x-ray microscopy, an elliptically shaped single-bounce glass capillary is employed as condenser which collects the divergent radiation emerging from the exit slit of a focusing spherical grating monochromator (FSGM). The new TXM overcomes several limitations of conventional TXM setups, it provides an energy resolution up to E/∆E = 10 4 which is well suited for spectromicroscopy. Furthermore, no pinhole is required close to the sample plane which facilitates flat sample holder geometry for nano-tomography. With its high energy resolution, the TXM also supports imaging in high orders of diffraction of the zone plate objective. Using this approach, a spatial resolution of 14 nm lines and spaces is demonstrated. In addition, we present selected applications from materials and life sciences.
The new BESSY TXM
Driven by severe limitations of conventional TXM setups which do not permit spectromicroscopy studies and are restricted to glass capillary holders for tomography applications, the BESSY microscopy group developed a new microscope based on an advanced x-ray optical element [1] and a high precision cryo tomography stage. The separation of monochromatization and object illumination is key to the new optical concept. A conventional grating monochromator provides the high energy resolution while a single-bounce ellipsoidal glass capillary employed as achromatic condenser illuminates the object. This optical concept works ideally in combination with an undulator source providing the required collimated x-ray beam and high photon flux.
The new BESSY TXM also significantly improves the possibilities to study cryogenic or heated samples for life and materials sciences. Taking advantage of the developments over the last decades in cryo electron tomography, the sample stage of the TXM is an adaption of a state-of-the-art TEM stage. Therefore, the new microscope provides the same excellent mechanical accuracy and temperature stability known from cryo TEM, a tilt range of ±80°and lateral travel ranges of ±1 mm with a bidirectional reproducibility of < 15 nm. The translation axes are mounted with respect to the rotation axis in order to make it possible to establish eucentricity for any part of the specimen, i.e. bring any point of the sample onto the spatially fixed tilt axis. Together with the high photon flux and the fully automated operation of the microscope's control software, the aquisition time for a full tomographic tilt series is reduced to less than 20 minutes. Slice from a tomographic reconstruction of a stress migration sample imaged at E = 700 eV, visualizing the location of the void close to the via.
2. Applications 2.1. Cryo-tomography of frozen-hydrated mammalian cells Full-field x-ray microscopy has proven to be an excellent tool for 3-D studies of whole frozenhydrated biological samples [2, 3] . However, tomography of flat grown mammalian cells was not possible as they do not fit into glass capillary sample holders. Our new TXM overcomes this severe limitation, because its optical concept requires no monochromator pinhole close to the object plane. In the new TXM, it is possible to study adherent cells grown on TEM grids. As an example, figure 1 shows one slice of a tomographic reconstruction of a frozen-hydrated mouse cell imaged at 510 eV. The voxel size is 9.8 nm, which is also the thickness of the slice. The nuclear membrane with its double structure and internal structures of the nucleus are visualized.
Stress-migration in advanced copper interconnect structures
Besides electromigration in semiconductor devices, stress migration is one of the most important failure mechanisms in advanced copper interconnects. As a result of lattice vacancy migration due to local mechanical stress at the via/plate interface small holes called voids form. However, the void formation mechanism is not fully understood. X-ray microscopy permits to study dynamic void evolution during stress migration. An exemplary micrograph from the stressmigration studies is shown in figure 2 . This slice through the reconstructed volume of a 1 µm thick IC lamella shows that the void is located in the copper interconnect line directly below the via. Depending on their size, larger voids lead to unacceptable resistance increase and ultimately cause open circuit or other circuit malfunction.
Imaging in the third order of diffraction
The resolving power of zone plates scales with the order of diffraction. By employing high orders of diffraction, it is possible to increase the resolution without the need for manufacturing smaller outermost zone widths. In order to demonstrate the resolution achievable with high order imaging, we designed a multi-layer test sample with B 4 C/Cr lines and spaces of 5 different widths down to 7.8 nm. Figure 3 shows the result of a resolution test experiment performed with the BESSY TXM at 700 eV photon energy with a 25 nm zone plate operating in the 3 rd order. Note that lines and spaces of 14.3 nm are clearly resolved while the 11.0 nm structures still show some modulation.
Nano-spectroscopy of TiO 2 particles
The spectromicroscopy capabilities of the new TXM are demonstrated with TiO 2 particles. An image stack was taken in the energy range from the Ti L-edge up to the oxygen K-edge with an energy resolution of E/∆E ≥ 7200 (cf. figure 4) . Note the combined excellent spectral and spatial resolution in a large field of view.
